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Summary  In  this  paper,  multiple-input  multiple-output  (MIMO)  system  performance  is  eval-
uated over  composite  Weibull—Gamma  (WG)  fading  channel  using  antenna  selection  (AS)
techniques.  WG  fading  channel  is  considered  to  model  multipath  and  shadowing  effects.  The
capacity  and  error  rate  performance  can  be  improved  by  exploiting  channel  state  information
on the  transmitter  side  (CSIT)  while  reducing  hardware  complexity.  Therefore,  AS  techniques
are used  to  exploit  CSIT.  Although,  optimal  AS  improves  the  system  performance  at  the  cost  oftransmitter  side;
Weibull—Gamma
fading;
Orthogonal  space
enhanced  complexity,  sub-optimal  AS  technique  is  preferred  to  improve  capacity  performance
with reduced  complexity  level.  Also,  AS  is  used  for  orthogonal  space  time  block  code  (OSTBC)
to improve  error  performance  of  MIMO  system  over  WG  fading  channel.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
d
2
C
t
i
btime  block  code
Introduction
MIMO  systems  are  employed  to  obtain  superior  performance
with  no  extra  bandwidth  or  transmit  power  than  single-input
single-output  systems.  Spatial  diversity  and  multiplexing
are  two  main  advantages  of  MIMO  systems.  Earlier,  it  is
assumed  that  the  channel  state  information  (CSI)  is  known  to
receiver  (Paulraj  et  al.,  2003).  Nevertheless,  due  to  multi-
ple  antennas,  non-economical  radio  frequency  (RF)  modules
are  needed  which  comprise  low  noise  ampliﬁer,  frequency
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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licenses/by-nc-nd/4.0/).own-converter,  and  analog-to-digital  converter  (Cho  et  al.,
010).  In  Vu  (2006),  it  is  reported  that  the  exploitation  of
SIT  (partial  or  perfect  knowledge)  enhances  the  MIMO  sys-
em  performance  on  the  basis  of  capacity  and  error  rate
mprovement  with  reduced  complexity.
The  cost  reduction  of  multiple  RF  modules  is  possible
y  using  precoding  and  antenna  selection  (AS)  techniques.
hese  techniques  can  be  used  to  retain  a  lesser  number  of
F  modules  than  the  number  of  transmit  antennas,  how-
ver,  AS  is  more  effective  technique  (Cho  et  al.,  2010).  In
anayei  and  Nosratinia  (2004),  selection  diversity  is  used
hich  is  followed  by  AS  algorithms  at  the  transmitter  and
eceiver  sides.  Later  on,  the  energy  efﬁcient  MIMO  system
s  optimized  and  AS  has  been  applied  to  improve  the  perfor-
ance  of  point-to-point  MIMO,  cooperative  MIMO,  multiuser
IMO  and  large  scale  MIMO  systems  (Zhou  et  al.,  2015).  In
icle under the CC BY-NC-ND license (http://creativecommons.org/
4K
w
M
p
R
h
p
(
a
a
o
i
c
p
c
t
c
b
f
u
q
S
C
a
r
h
r
m

c
n
s
c
p
i
s
Z
w
a
N
e
a
p
w
t
a
e
a
o
a
(
A
T
i
r
o
i
O
T
m
t
C
w
T
m
(
w
w
c
N
t
F
m
n
f
s
c
f
c
a
o
F
s
n
W
S
T
n
t
i
I76  
ulkarni  and  Choudhary  (2014),  AS  technique  has  been  used
ith  maximal  ratio  combining  and  OSTBC  to  enhance  the
IMO  system  performance.  Also,  distributed-MIMO  system
erformance  has  been  evaluated  in  Yu  et  al.  (2014)  over
ayleigh  fading  channel,  however,  the  impact  of  shadowing
as  not  been  encountered.
Though,  various  composite  channel  models  have  been
roposed  to  model  multipath  and  shadowing  effects
Shankar,  2012;  Bithas,  2009;  Tiwari  and  Saini,  2015;  Ansari
nd  Alouini,  2015).  In  Bithas  (2009),  Tiwari  and  Saini  (2015)
nd  Ansari  and  Alouini  (2015),  the  statistical  classiﬁcation
f  Weibull—Gamma  (WG)  channel  model  is  given  although
t  is  not  completely  explored.  Therefore,  this  composite
hannel  is  taken  into  account  to  evaluate  the  MIMO  system
erformance.  In  this  composite  model,  the  multipath  fading
onsiders  the  radar  clutters,  indoor,  outdoor  scenario  and
ermed  as  Weibull  fading.  In  addition,  shadowing  effect  is
onsidered  by  Gamma  fading.
This  paper  presents  the  capacity  analysis  of  MIMO  system
ased  on  optimal  and  sub-optimal  AS  techniques  over  WG
ading  channel.  AS  is  used  for  bit  error  rate  (BER)  analysis
sing  OSTBC  under  same  WG  fading  scenario  for  M  ary-
uadrature  amplitude  modulation  (M-QAM).
ystem and channel model
onsider  a  MIMO  system  having  Nr ×  Nt antennas  where  Nr
nd  Nt denote  number  of  receive  and  transmit  antennas
espectively  with  complex  channel  matrix  H.  Each  element
ij of  H  is  identical  and  independently  distributed  Gaussian
andom  variable  referred  as  channel  gain  from  ith  trans-
it  antenna  to  jth  receive  antenna  with  zero  mean  and
2 variance.  The  effective  channel  is  characterized  by  L
olumns  after  selecting  L  antennas  from  Nt transmit  anten-
as  of  H  ∈  CNr×Nt .  The  index  Ik is  considered  for  the  kth
elected  column,  k  =  1,  2,.  .  ., L.  The  subsequent  effective
hannel  is  modeled  as  H(I1,  I2, .  .  ., IL)  ∈  CNr×L.  The  map-
ing  of  spatially-multiplexed  or  space-time  coded  stream
nto  L  selected  antennas  is  given  as  s  ∈  CL×1.  The  received
ignal  Z  is  given  by
 =
√
Es
L
H
(1,2,...,L)
S  +  N (1)
here,  S  is  transmitted  signal,  Es is  transmit  symbol  energy
nd  N  is  additive  white  Gaussian  noise  (AWGN)  with  size
r ×  1.
Here,  H  represents  WG  fading  channel  that  considers  the
ffects  of  both  small  scale  fading  and  shadowing.  In  Tiwari
nd  Saini  (2015),  PDF  of  WG  fading  is  given  by
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here,  (u,  v)  = v
u
, v+1
u
,  .  .  ., v+u−1
u
.    =  S2Es/N0 is  the  instan-aneous  signal-to-noise  ratio  (SNR),  ¯  =  E[S2]Es/N0 is
verage  SNR  of  WG  distribution,  ˇ  is  Weibull  fading  param-
ter  and  m  is  shadowing  parameter.  When  m  →  ∞,  (2)
pproaches  Weibull  distribution.  When  ˇ  =  2,  (2)  follows  K sK.  Tiwari  et  al.
r  Rayleigh-lognormal  distribution.  When  ˇ  =  2,  m  →  ∞,  (2)
pproaches  Rayleigh  distribution  and  when  ˇ→  ∞,  m→  ∞,
2)  approximates  AWGN  distribution  (Bithas,  2009).
verage capacity analysis
he  AS  techniques  are  applied  to  enhance  the  system  capac-
ty  performance.  In  (1), the  channel  capacity  of  the  system
ely  upon  the  selected  transmit  antennas.  In  this  section,
ptimal  and  sub-optimal  AS  techniques  are  given  for  capac-
ty  analysis  of  MIMO  systems.
ptimal  antenna  selection  technique
o  increase  capacity,  L  antennas  are  chosen  from  Nt trans-
it  antennas.  The  system  channel  capacity  with  L  chosen
ransmit  antennas  is  represented  in  (Cho  et  al.,  2010)  as
(I1,I2,...,IL)  log2 det
(
INr +
Es
LN0
H(I1,I2,...,IL)H
†
(I1,I2,...,IL)
)
(3)
here,  (·)† represents  Hermitian  transposition  and  N0 =  2.
he  antenna  having  maximum  capacity  is  chosen  to  maxi-
ize  the  system  capacity,  which  is  given  as
Io1,  I02,  .  . ., I0L) =  arg  max
(I1,I2,...,IL) ∈ AL
C(I1,I2,...,IL) (4)
here,  AL is  a set  of  all  promising  antenna  arrangements
ith  L  selected  antennas.  However,  it  consists  the  huge
omplexity,  mostly  when  Nt is  very  large.
In  Fig.  1(a)  channel  capacity  with  AS  is  evaluated  for
t =  Nr =  4  and  L  varies  from  2  to  4.  It  is  clearly  depicted  that
he  channel  capacity  increases  with  L.  It  is  also  illustrated  in
ig.  1(a)  that  the  impact  of  shadowing  is  diminished  for  ˇ  =  2,
 =  70  and  hence  capacity  of  MIMO  system  under  this  sce-
ario  approaches  the  MIMO  system  capacity  under  Rayleigh
ading  (Cho  et  al.,  2010).  Then,  the  dominating  effect  of
hadowing  (m  =  1)  is  taken  into  account  which  degrades  the
apacity  performance  even  if  ˇ  is  high  (ˇ  =  6).  Consequently,
or  less  than  10  dB  SNR,  three  selected  antennas  are  sufﬁ-
ient  to  permit  the  channel  capacity  nearly  the  use  of  four
ntennas.  For  less  values  of  ˇ  and  m  (severe  fading  and  shad-
wing)  channel  capacity  decreases,  which  is  illustrated  in
ig.  1.  Also,  at  very  less  SNR,  capacity  performance  is  almost
ame  by  selecting  three  out  of  four  transmit  antennas.  It  is
oted  that  WG  MIMO  channel  is  generated  by  the  product  of
eibull  and  Gamma  random  variables.
ub-optimal  antenna  selection  technique
o  reduce  the  complexity  arises  due  to  optimal  AS  tech-
ique,  sub-optimal  AS  technique  is  used  (Cho  et  al.,  2010).  In
his  technique,  ﬁrstly  one  antenna  with  the  highest  capacity
s  chosen  as
so
1 =  argI1 max  C(I1)
=  arg max  log det
(
I + Es H H†
)
(5)I1 2 Nr LN0
(I1) (I1)
Considering  ﬁrst  chosen  antenna,  second  antenna  is  cho-
en  so  as  to  maximize  the  capacity.  After  completing  n
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Figure  1  Capacity  of  MIMO  system  for  Nt =  Nr =  4  and  L  =  2,  3,  4.  (a)  Optimal  antenna  selection.  (b)  Sub-optimal  antenna  selection
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L  selected  antennas  of  (Ik)Lk=1 is  denoted  as
(descending order).
iterations  (Iso1 ,  Iso2 ,  .  .  ., Ison ),  the  updated  capacity  with  an
extra  antenna  q  is  given  as
Cq =  log2 det
[
INr +
Es
LN0
{
H(Iso1 ,Iso2 ,...,Ison )H
†
(Iso1 ,Iso2 ,...,Ison )
+  H(q)H†(q)
}]
(6)
For  deriving  (6),  Cho  et  al.  (2010,  Eq.  (12.27))  is  used.
Then,  the  additional  (n  +  1)th  antenna  is  chosen  to  enhance
the  capacity.  This  procedure  keeps  on  until  all  L  antennas  are
selected.  Only  one  matrix  inversion  is  essential  in  the  way
of  selection  practice.  The  similar  procedure  can  be  applied
by  removing  the  antenna  in  decreasing  order  of  reducing
channel  capacity.  A  set  of  antenna  indices  ˛n is  selected
in  the  nth  iteration.  Initially,  all  the  antennas  are  consid-
ered  (˛1 =  1,  2,  .  .  ., Nt)  and  the  antenna  that  gives  smallest
capacity  is  selected,  i.e.,
Iremove1 =
arg  max
I1 ∈  ˛1 log2 det
(
INr +
Es
LN0
H˛1−(I1)H
†
˛1−(I1)
)
(7)
The  antenna  selected  from  (7)  is  then  removed  from  the
antenna  index  set,  and  the  updated  antenna  set  is  ˛2 =
˛1 −  (Iremove1 ).  When  |˛2|  =  Nt −  1  >  L,  one  more  antenna  is
selected  to  remove  which  gives  least  to  the  capacity.  This
procedure  continues  up  to  all  L  AS  (|˛n|  =  L).  The  selec-
tion  complexity  in  descending  order  is  greater  than  that
of  ascending  order.  Nevertheless,  the  selection  method  in
descending  order  gives  better  performance  than  that  of
ascending  order  (1  <  L  <  Nt).  There  are  two  special  cases.
First,  when  L  =  Nt −  1,  the  selection  method  in  descending
order  generates  the  same  antenna  index  set  as  the  opti-
mal  AS  technique  generates  in  (4).  Second,  when  L  =  1,
the  selection  technique  in  ascending  order  generates  the
same  antenna  index  as  the  optimal  AS  technique  in  (4)  and
achieves  superior  performance  than  other  selection  methods
(Cho  et  al.,  2010).

wFig.  1(b)  shows  that  for  the  same  simulation  parameters
s  Fig.  1(a),  the  capacity  for  different  selected  anten-
as  in  descending  order  using  sub-optimal  AS  technique
pproaches  the  capacity  of  optimal  AS  technique  with
educed  complexity.  For  simulation,  the  selection  made  in
scending/descending  order  is  given  by  0/1.
rror rate analysis for OSTBC
ER  is  an  important  measure  to  evaluate  MIMO-OSTBC
ystem  performance.  Therefore,  transmit  antennas  are
elected  to  reduce  the  error  probability.  For  H(I1,I2,...,IL) with
 columns  of  H  chosen,  an  upper  bounded  pairwise  error
robability  for  OSTBC  is  represented  by  (Cho  et  al.,  2010)
e(di →  dj|H(I1,I2,...,IL))  =  L
[√
||H(I1,I2,...,IL)εij||2
2Nt
]
≤  exp
[
−||H(I1,I2,...,IL)εij||
2
4Nt
]
(8)
To  minimize  the  upper  bound  in  (8), L  transmit  antennas
re  selected.
I01,  I02, .  . ., I0L)  =
arg  max
(I1,  I2,  .  .  ., IL)  ∈  AL ||H(I1,I2,...,IL)||
2 (9)
The  antennas  subsequent  to  high  column  norms  are  cho-
en  to  reduce  the  error  rate.  The  average  received  SNR  with(I1,I2,...,IL) = L ||H(I1,I2,...,IL)||
2 (10)
It  is  recommended  in  (9)  and  (10)  that  the  antennas
ith  the  maximum  received  SNR  are  chosen.  The  indices
478  K.  Tiwari  et  al.
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Io1, I02,  .  .  ., I0L)  with  the  maximum  L  column  norms  of  H  are
onsidered.  Using  the  inequality  from  Cho  et  al.  (2010,  Eqs.
12.34)  and  (12.35)),  the  range  for  average  received  SNR
sing  AS  selection  is  given  as

L
||H||2 ≥  (I1,I2,...,IL) ≥

Nt
||H||2 (11)
It  is  clear  from  (11)  that  the  upper  and  lower  bound  are
he  function  of  ||H||2 and  hence  diversity  order  NtNr is
chieved  with  optimal  AS  in  (4),  when  all  the  entries  of  H
re  i.i.d.  Gaussian  distributed.
It  is  shown  in  Fig.  2  that  4-QAM  outperforms  that  of  16-
AM  by  selecting  2  out  of  4  transmit  antennas.  For  low  values
f  SNR,  16-QAM  gives  improved  BER  performance  even  in
everely  faded  environment  (ˇ  =  2,  m  =  1).  By  increasing  ˇ
rom  2  to  6  approximately  5  dB  less  SNR  is  required  for  4-
AM  compared  to  16-QAM.  At  ˇ  =  2,  m  =  70,  BER  performance
pproximates  the  BER  performance  in  Rayleigh  fading  (Cho
t  al.,  2010).  Consequently,  system  performance  improves
ith  the  increase  in  ˇ  and  m.
onclusion
n  this  paper,  the  capacity  performance  of  MIMO  system  is
valuated  using  optimal  and  sub-optimal  AS  techniques.  It  is
oncluded  from  the  results  that  sub-optimal  AS  approaches
he  optimal  performance  with  reduced  complexity  and  cost.
STBC-MIMO  system  gives  reduced  error  rate  using  2  out
f  4  transmit  antenna  with  4-QAM  compared  to  16-QAM.
onsequently,  higher  modulation  order  and  less  value  of
hape  parameters  degrade  the  system  performance.  Further,
his  work  can  be  extended  using  spatial  modulation  with  AS
echnique.
Zth  antenna  selection  L  =  2  and  Nt =  4.
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